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Structural characterization of glycosphingolipids as their lithiated adducts using low-energy
collisional-activated dissociation (CAD) tandem mass spectrometry with electrospray ioniza-
tion (ESI) is described. The tandem mass spectra contain abundant fragment ions reflecting the
long chain base (LCB), fatty acid, and the sugar constituent of the molecule and permit
unequivocal identification of cerebrosides, di-, trihexosyl ceramides and globosides. The major
fragmentation pathways arise from loss of the sugar moiety to yield a lithiated ceramide ion,
which undergoes further fragmentation to form multiple fragment ions that confirm the
structures of the fatty acid and LCB. The mechanisms for the ion formation and the possible
configuration of the fragment ions, resulting from CAD of the lithiated molecular ions ([M 1
Li]1) of monoglycosylceramides are proposed. The mechanisms were supported by CAD and
source CAD tandem mass spectra of various cerebrosides and of their analogous molecules
prepared by H–D exchange. Constant neutral loss and precursor ion scannings to identify
galactosylceramides with sphingosine or sphinganine LCB subclasses, and with specific
N-2-hydroxyl fatty acid subclass in mixtures are also demonstrated. (J Am Soc Mass
Spectrom 2001, 12, 61–79) © 2001 American Society for Mass Spectrometry
Glycosphingolipids (GSLs) are present in sub-stantial amounts in nerve cell membranes. Theyare found in the membranes of white and red
blood cells and are believed to be integral for the
dynamics of many cell membrane events, including
cellular interactions, signaling, trafficking, and are in-
volved in cell recognition [1]. The synthesis of GSLs is
essential for embryonic development and for the differ-
entiation of some tissues [2, 3]. Glycolipid expression on
the surface of cells determines their antigenicity as well
as their differentiated or undifferentiated embryonic
status [3]. The highly complex types of ceramide poly-
hexosides that contains one or more sialic acid groups
are known as gangliosides, of which the ganglioside
GM1 has been reported to have a curative effect on
experimental Parkinsonisin [4, 5] and to stimulate nerve
growth [6, 7]. Glycosphingolipids are also essential to
modulating T cell proliferative immune response [8].
Glycosphingolipids are composed of sphingosine
having a fatty acid substituent bound to the amino
group at C-2 as an amide and various mono- or oligo-
saccharides linked to the hydroxy group at C-1. The
simplest form that contains a monosaccharide, such as
glucose, bound to a ceramide is glucocerebroside (I).
Tandem mass spectrometry has proven to be very
useful in structural determination of GSLs. Several
direct mass spectrometric ionization techniques, includ-
ing fast-atom bombardment (FAB) [9–14], matrix-as-
sisted laser desorption ionization (MALDI) [15], and
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electrospray ionization (ESI) [16, 17], in combination
with magnetic sector [9, 10, 12–14], triple quadrupole
[11, 16], time-of-flight (TOF)-with post-source decay
[15], or hybrid magnetic sector-TOF [17] tandem mass
spectrometry have been successfully utilized to charac-
terize GSLs.
We recently demonstrated that collisional-activated
dissociation (CAD) tandem mass spectra of lithiated
molecular species of sphingomyelin [18], glycerophos-
phocholine [19], glycerophosphoethanolamine [20], and
triglyceride [21] provide information that permits struc-
tural determination of the molecules. Both glycosylcer-
amides (GLC) and sphingomyelins contain a ceramide
backbone. In the presence of alkaline metal ions, they
produce predominately metal adduct ions ([M 1
Cat]1), where Cat 5 K, Na, Li under positive ion
conditions by FAB [12–14] and ESI [17, 18]. The
utilization of high-energy CAD tandem mass spectro-
metry with FAB [12–14] and ESI [17] using lithiated
adduct ion ([M 1 Li]1) for structural determination
of GLCs has been studied. Recently, Levery et al. [22]
reported the analysis of ceramide structural modifi-
cation found in fungal cerebrosides with low-energy
CAD of lithiated adducts by ESI tandem mass spec-
trometry, and structural determinations of minor
cerebroside species have been demonstrated. Herein,
we report a systematic study of low-energy CAD
spectra of the lithiated adducts of GLCs with ESI
using a triple quadrupole mass spectrometer. We
explored the fragmentation pathways with various
GLCs, including deuterium-label and H–D ex-
changed analogs using both CAD and source CAD
tandem mass spectrometry. The utility of low-energy
CAD tandem mass spectrometry with constant neu-
tral loss (CNL) and precursor ion scans for profiling
specific subclasses of GLCs and the application of
these scans in the identification of minor components
in GLC mixtures is demonstrated.
Experimental
Chemicals and Standards
GLC standards: 1-galactosyl-N -palmitoyl-sphingosine
(d18:1/16:0-GalCer), 1-galactosyl-N-stearoyl-sphin-
gosine (d18:1/18:0-GalCer), 1-galactosyl-N-tetradode-
cenoyl-sphingosine (d18:1/24:1-GalCer) were purchased
from Sigma Chemical (St. Louis, MO). 1-Glucosyl-N-d35-
stearoyl-sphingosine (d18:1/d35 -18:0-GluCer), bovine
brain ceramide galactosides, bovine brain galactocere-
brosides kerasin (cerasine) and phrenosin, glucocere-
brosides from the spleen (human) of an individual with
Figure 1. The ESI mass spectra of (A) lithiated bovine galactocerebrosides kerasin, and (B) the same
mixture obtained after H–D exchange. The 6-unit mass shift reflects the six exchangeable hydrogens
of the molecules.
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Gaucher’s disease, or from soybean, porcine brain lac-
tosyl ceramides, ceramide trihexosides (Gb3) and glo-
bosides (Gb4) were purchased from Matreya (Pleasant
Gap, PA). The designation of GLCs is in the form of
d-LCB/FA, with d referring to dihydroxy of the long
chain base (LCB) and FA referring to fatty acid.
Mass Spectrometry
ESI/MS analyses were performed on a Finnigan TSQ-
7000 triple stage quadrupole mass spectrometer
equipped with an electrospray ion source and con-
trolled by Finnigan ICIS software operated on a DEC
Figure 2. The CAD tandem mass spectra of (A) d18:1/24:0-GalCer, (B) d6-d18:1/24:0-GalCer, (C)
d18:1/22:0-GalCer, and (D) d18:1/24:1-GalCer.
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alpha station. Na1 was removed from samples, if a high
content of Na1 was observed by ESI. To remove Na1,
samples were dissolved in chloroform and an aliquot
(100 mL) of LiCl solution (0.6% aqueous) was added.
After vortex, solution was centrifuged for 5 min
(3000 3 g) and the organic layer was blown to dryness
under a stream of nitrogen, and redissolved in chloro-
form/methanol (1/4), to a final concentration of 5
pmol/mL, which yields intense Li1 adduct ion upon
mass spectrometry analysis. Otherwise, standard glyco-
sphingolipids and glycosphingolipid mixtures (5 pmol/
mL) were prepared in chloroform/methanol (1/4) and
methanolic LiCl (0.1 mmol/mL) was added to give final
solution containing 1 nmol/mL Li1. Samples were in-
fused (1 mL/min) into the ESI source with a Harvard
syringe pump. The electrospray needle and the skim-
mer were at ground potential and the electrospray
chamber and the entrance of the glass capillary were at
4.5 kV. The heated capillary temperature was 250 °C.
The lithiated molecular cations were selected in the first
quadrupole (Q1), collided with Ar (2.3 mtorr) in the
rf-only second quadrupole (Q2) using a collision energy
of 50–70 eV and analyzed in the third quadrupole (Q3).
For source CAD tandem mass spectrometry experi-
ments, the skimmer voltage was set at 40–55 V to
generate abundant fragment ions which were then
selected in Q1 and collided with Ar (2.3 mtorr) in Q2
using a collision energy of 30–45 eV and mass analyzed
in Q3. Both Q1 and Q3 were set at unit resolution.
Typically, a 1-min period of signal averaging was
employed for a scan spectrum and 3 to 10 min was
employed for a tandem mass spectrum.
Results and Discussion
In this study, the low-energy CAD tandem mass spectra
of the [M 1 Li]1 ions of GLCs obtained by a triple
quadrupole mass spectrometer showed more extensive
fragmentations than that reported by using high-energy
CAD/sector instruments. This may be attributed to the
fact that fragment ions generated by CAD using a
quadrupole tandem mass spectrometer can also arise
from multiple collisions. The designation of the frag-
ment ions first introduced by Costello et al. [9] and later
modified by Adam et al. [13] is partially adopted due to
the complexity of the fragment ions observed. The
fragment ions generated by the present method far
exceed the ions previously designated, and some ions
reported in the high-energy CAD tandem spectra were
not observed.
Galactosylceramides
Kerasin (Cerasine). In the presence of 1 nmol/mL of
LiCl, the ESI mass spectrum of the bovine brain galac-
tocerebrosides kerasin (Figure 1, panel A) contains
major ions at m/z 734, 790, 804, 816, 818, 832, and 844
representing the [M 1 Li]1 ions of 1-galactosyl-N-
stearoyl-sphingosine (d18:1/18:0-GalCer), 1-galactosyl -N-
docosanoyl-sphingosine (d18:1/22:0-GalCer), 1-galacto-
Scheme 1.
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Figure 3. The source CAD-MS2 spectra of (A) the m/z 656 and (B) the m/z 638 ions, generated from
source CAD of d18:1/24:0-GalCer.
Scheme 2.
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syl - N - tricosanoyl - sphingosine (d18:1/23:0 - GalCer),
1-galactosyl-N -tetracosenoyl-sphingosine (d18:1/24:1-
GalCer), 1-galactosyl-N-tetracosanoyl-sphingosine (d18:1/
24:0-GalCer), 1-galactosyl-N-pentacosanoyl-sphingosine
(d18:1/25:0-GalCer), and 1-galactosyl-N-hexacosenoyl-
sphingosine (d18:1/26:1-GalCer), respectively. This re-
sult is consistent with the ESI spectrum of the same
mixture obtained after H–D exchange (panel B), which
exhibits a mass shift of six on all the ion species,
reflecting the six exchangeable hydrogens of the mole-
cules, four on the galactosyl pyranoside, one on the
LCB, and one on the amide. The product ion spectrum
of the [M 1 Li]1 ions of d18:1/24:0-GalCer at m/z 818
(Figure 2A) yields a prominent fragment ion at m/z 656
(Scheme 1, Y0 ion), corresponding to neutral loss of the
galactose moiety ([M 1 Li]1 2 C6H10O5) to form a li-
thiated ceramide cation, which undergoes further loss
of H2O to form ions at m/z 638. There are three possible
isomeric configurations (Scheme 1) for the m/z 638,
resulting from H2O loss of m/z 656, as evidenced by the
CAD tandem mass spectrum of d6-d18:1/24:1-GalCer,
prepared by H–D exchange (Figure 2B). The loss of H2O
with the participation of the C-3 hydroxyl hydrogen of
the LCB (route a1) yields possibly a lithiated oxethane
intermediate at m/z 638 (a1), which successively elimi-
nates a HCHO (route a91) to form abundant ions at m/z
608 (a2), or gives rise to a lithiated amide ion at m/z 374
(d91a) by cleaving the CH–N bond (route a92). The HCHO
loss is consistent with the presence of m/z 37, represent-
ing a lithiated formaldehyde ion ([HCHO 1 Li1]). The
pathway for the formation of the m/z 374 ion (Scheme 1,
route a29 is supported by the observation of the analo-
gous ion of m/z 375 in Figure 2B, which shows a 1-unit
mass shift, consistent with the number of the exchange-
able hydrogen. An alternative pathway for the forma-
tion of the amide ion results in a 2-unit mass shift,
which is seen at m/z 376 (d1a) as shown in Scheme 2B.
The m/z 638 ion can also arise from the H2O loss that
involves the participation of the amide hydrogen (route
b1). This pathway results in a lithiated aziridine inter-
mediate (b1), which undergoes another water loss
(route b91) to form ions at m/z 620 (b2). The third possible
pathway for the H2O loss may arise from 1,2-elimina-
tion (route b2), which involves the participation of the
C-2 hydrogen and C-3 hydroxyl of the LCB to form a
conjugated diene (b19. This conclusion is based on the
observation of both the m/z 639 and 640 ions arising
from loss of D2O and loss of DHO, respectively, from
m/z 659 (Figure 2B). The abundance ratio of the m/z
640/639 ions also increases as the collision energy
increases (data not shown), indicating that the water
loss via the 1,2-elimination requires higher energies.
The lithiated ceramide cation of m/z 656 also yields
the m/z 418 ion (Scheme 2A, c1a) by loss of the long
Figure 4. The ESI mass spectra of (A) lithiated bovine galactocerebrosides phrenosin and (B) the
same mixture obtained after H–D exchange. Panel B shows a 7-unit mass shift, corresponding to the
1-galactosyl-N-2-hydroxyacyl ceramides in the mixture.
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chain base as an aldehyde [CH3(CH2)12CH¢CH–CHO].
This is followed by loss of H2O to yield ions at m/z 400
(c2a), which undergo a LiH loss to give m/z 392 (c3a).
This pathway is in accord with the observation of m/z
245 ion (c1b), corresponding to a lithiated aldehyde
{[CH3(CH2)12CH¢CH–CHO 1 Li
1]}. The m/z 656 ion
also cleaves to yield a lithiated amide ion at m/z 374
(Scheme 2B, d1a ion) or a lithiated oxirane ion at m/z 289
(d1b), followed by a H2O loss to form ions at m/z 356
(d 2a) and 271 (d2b), respectively. The expulsion of the
fatty acyl group as a ketene (loss of C22H45CH¢C¢O)
(Scheme 2C) leads to the formation of the m/z 306 ion
(e1b), which yields ions at m/z 288 by loss of H2O via
two separate pathways. The H2O loss involving the
participation of the a-hydroxyl hydrogen of the LCB
(route e91a) yields possibly a lithiated oxethane interme-
diate at m/z 288 (e2b), which successively dissociates to
give a conjugated diene at m/z 258 (e3b) and a lithiated
HCHO ion at m/z 37. The H2O loss involving the
participation of the amide hydrogen (route e91b) results
in a lithiated aziridine ion at m/z 288 (e2b9). This is
followed by a successive loss of water or LiOH to form
Figure 5. The CAD tandem mass spectra of the lithiated d18:1/h24:0-GalCer at m/z 834 obtained at
a collision of 55 eV (A) and at 60 eV (B). The CAD tandem mass spectra of the lithiated
d7-d18:1/h24:0-GalCer at m/z 841 (C) and d18:1/h18:0-GlcCer at m/z 750 (D) were all obtained at 55
eV.
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the m/z 270 (e3b9) or 264 ion (e3b”). These fragmentation
pathways are consistent with the earlier notion (Scheme
1) that the m/z 638 ion represents both a lithiated
oxethane and a lithiated aziridine ion, which undergo
further loss of HCHO and loss of H2O, respectively. The
m/z 306 ion also gives ions at m/z 289 (d1b) and 282 (e2b”)
by loss of NH3 and LiOH, respectively. The lithiated
d6-d18:1/24:0-GalCer (Figure 2B) in which the ex-
changeable hydrogens have been replaced by deuteri-
ums via H–D exchange yield spectra containing the
analogous ions with the mass shift corresponding to the
proposed fragment ions. (Schemes 1 to 4, deuterium
labeling is shown as D, and the observed m/z values are
shown). The proposed fragmentation pathways and the
ion structures were also supported by source CAD
tandem mass spectra of the ions at m/z 656 (Figure 3A)
and m/z 638 (Figure 3B) arising from d18:1/24:0-GalCer,
and are consistent with the mechanisms previously
proposed for sphingomyelin [18]. Because ions at m/z
264 (e3b”) and 400 (c2a), respectively, reflect the long-
chain base and fatty acid of the molecule, and the
intensity of the former ion is slightly more abundant
than the latter, the structure of the compound can be
easily determined. In addition, ions at m/z 374 (d1a) and
356 (d2a) are also present in the spectrum along with
ions at m/z 418 (c1a), 400 (c2a), and 392 (c3a). This
confirms that the fatty acid substituent of the molecule
is a 24:0. Whereas the d18:1-LCB can be confirmed by
the presence of the ions at m/z 245 (c1b), 289 (d1b), 271
(d2b), 306 (e1b), 288 (e2b and e2b9), 258 (e3b), 270 (e3b9),
264 (e3b”), and 282 (e2b”). A similar pattern of ions was
also observed for lithiated d18:1/22:0-GalCer (m/z 790,
Figure 2C), and lithiated d18:1/24:1-GalCer (m/z 816,
Figure 3D). The former spectrum contains abundant
ions at m/z 372 (c2a), 346 (d1a), and 328 (d2a) ions,
reflecting the docosanoic acid and the latter contains
ions at m/z 398 (c2a), 372 (d1a) and 354 (d2a), reflecting
the tetracosenoic acid. The two spectra also contain
prominent ions at m/z 264 (e3b”), along with the afore-
mentioned ions that are characteristic of d18:1-LCB. The
fragmentation pathways are also supported by the
tandem spectrum of the lithiated 1-glucosyl-N-d35-
stearoyl-sphingosine (d18:1/d35-18:0-GluCer) at m/z 769
(data not shown), which yields the analogous ions with
mass shifts consistent with the proposed ion configura-
tions.
In addition to the ions reflecting the structure of
ceramide moiety as described above, the spectra also
contain the lithiated ions of m/z 187, 169, 127, and 97
from galactose moiety. The proposed fragmentation
pathways are also shown in Scheme 1.
Phrenosin. In the presence of Li1, the ESI mass spec-
trum of bovine brain galactocerebrosides phrenosin
(Figure 4A) contains major ions at m/z 750, 806, 832, and
834, representing the [M 1 Li]1 ions of 1-galactosyl-N-
a-hydroxystearoyl-sphingosine (d18:1/h18:0-GalCer),
1-galactosyl-N-a-hydroxydocosanoyl-sphingosine (d18:
1/h22:0-GalCer), 1-galactosyl-N-a-hydroxytetracosen-
oyl-sphingosine (d18:1/h24:1-GalCer) and 1-galactosyl-
N-a-hydroxytetracosanoyl-sphingosine (d18:1/h24:0-
GalCer), respectively. The presence of the a-hydroxyl
Scheme 3.
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group of the fatty acid in this subclass is evidenced by
an additional unit mass shift (7-unit total) observed in
the ESI spectrum of the same mixture obtained after
H–D exchange (Figure 4B). The lithiated N-a-hydroxya-
cylsphingenines undergo more extensive fragmenta-
tions than the N-acylsphingenines, when subjected to
CAD with the same collision energy. The tandem spec-
tra are also more susceptible to the collision energy
Figure 6. The source CAD-MS2 spectra of the m/z 672 (A), the m/z 468 (B), and the m/z 306 (D) ions,
generated by source CAD of d18:1/h24:0-GalCer, and of the m/z 475 ion (C) arising from source CAD
of d7-d18:1/h24:0-GalCer. Panel C contains fragment ions analogous to those obtained by m/z 468
(panel B). The mass shift reflects the exchangeable hydrogen of the fragment ions shown in (C), which
confirm the ion configurations proposed in Schemes 3 and 4.
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changes. This is illustrated by the product ion spectra of
the lithiated d18:1/h24:0-GalCer at m/z 834, obtained at
55 eV (Figure 5A) and 60 eV (Figure 5B). The compound
yields ions at m/z 672 ([M 1 Li]1 2 C6H10O5), 654
([M 1 Li]1 2 C6H10O5 2 H2O), 636 ([M 1 Li]
1 2
C6H10O5 2 2H2O), and 624 ([M 1 Li]
1 2 C6H10O5 2
H2O 2 CH2O) via the similar fragmentation pathways
(Scheme 3) described for 1-galactosyl-N-acylsphin-
genines. However, ions arising from cleavages of the
amide N–CO bond and of the C–C bond between
carbonyl and the a-carbon of the fatty acyl group
become the most predominant. The cleavage of the
amide N–CO bond (Scheme 3, route b) results in the
formation of a prominent ion at m/z 468 ([M 1 Li]1 2
CO 2 C22H45CHO) (g1), which successively eliminates
a NH3 or a H2O to give the m/z 451 (g2) or 450 (g3) ion,
respectively. The expulsion of the sugar moiety from
m/z 468 yields ions at m/z 306 (e1b), which yield ions
identical to those observed for 1-galactosyl-N-acyl-
sphingenines by the same mechanism as described in
Scheme 2C. However, a 1-unit higher shift of the m/z
values was observed for the d-labeling analogous ions.
The m/z 306 ion can also arise from the lithiated
ceramide precursor ion at m/z 672 (Y0) via the combined
losses of CO and C22H45CHO (route d1). The identity of
the fatty acyl moiety of the molecule lies on the obser-
vation of the m/z 416 ion (c2a), which dissociates to a
lithiated aldehyde at m/z 345 (c3a9) by loss of
HCONCH2CH2. The m/z 416 ion may arise from elimi-
nation of the d18:1-LCB as an a,b-unsaturated aldehyde
(loss of C13H27CH¢CH–CHO) from m/z 654 (route b1c).
A fragment ion reflecting the fatty acyl moiety is also
observed at m/z 390, corresponding to a lithiated amide
ion ([C22H45CH(OH)CONH2 1 Li]
1) (d1a), which can
arise from the lithiated oxethane precursor ion at m/z
654 (a1) by cleavage of the N–C bond (route a1b). The
same cleavage with the Li1 residing on the LCB results
in a lithiated oxirane ion at m/z 273 (d3b), which may
arise from elimination of C22H45CHO and HN¢CO
simultaneously (route a1b9). This ion is not present in
the tandem mass spectra of 1-galactosyl-N-acylsphin-
genines. The rationale of the above mechanisms is
supported by the source CAD tandem mass spectra
(Figure 6) of the m/z 672 (panel A), 468 (panel B), and
306 (panel D) ions arising from d18:1/h24:0-GalCer and
consistent with the mass shifts of the corresponding
ions observed for the [M 1 Li]1 ions of d7- d18:1/h24:
0-GalCer (Figure 7C) and the source CAD tandem mass
spectrum of m/z 475 (panel 6C, the counterpart of the
m/z 468 ion in panel B) arising from d7-d18:1/h24:0-
GalCer.
The fragment ions unique to the N-a-hydroxyacyl-
sphingenine subclass arise from cleavage of the C–C
bond between the carbonyl and the a-carbon of the fatty
acyl (Scheme 4, route c), yielding ions at m/z 496 (k),
which dissociate to the m/z 334 ion (l) by loss of sugar
moiety. The m/z 334 ion undergoes a water loss (routes
m and n) to yield the m/z 306 ion, possibly either a
lithiated oxethane (m1b) or an aziridine (n1b) intermedi-
ate, which results in the formation of m/z 286 (m2b) and
298 (n2b) by loss of HCHO and water, respectively.
Fragment ions arising from this unique cleavage pro-
Figure 7. The CAD tandem mass spectra of the lithiated d18:2/h16:0-GlcCer at m/z 720 (A) and
lithiated d7-d18:2/h16:0-GlcCer at m/z 727 (B), obtained at 50 eV.
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vide unequivocal assignment of the structure of this
subclass. For example, the tandem spectrum of the
[M 1 Li]1 ion of lithiated d18:1/h8:0-GalCer (m/z 750,
Figure 6D), contains ions at m/z 306, reflecting both a
fatty acyl (d1a ion, representing a lithiated 2-hydroxy-
stearamide) and a lithiated sphingosine (e1b) fragment
ion. This is easily confirmed by the coexistence of the
ions at m/z 332 (c2a), 261 (c3a9) along with 306, which
identify the 2-hydroxystearoryl moiety of the molecule.
The observation of the m/z 306 ion together with ions at
m/z 496 (k), 334 (l), 316 (m1b and n1b), 298 (n2b), 286
(m2b), resulting from this specific cleavage, ions at m/z
289 (d1b), 288 (e2b), 271 (d2b), 270 (e3b9) and 258 (e3b),
arising from further dissociation of m/z 306 (e1b)
(Scheme 2C), and ions at 273 (d3b), arising from disso-
ciation of a1 ion at m/z 570 (Scheme 3, route a1b) reveals
the d18:1-LCB. A similar pattern of ions was also
observed for the lithiated 1-glucosyl-N-a-hydroxy-
palmitoyl-sphingadiene (d18:2/h16:0-GlcCer) at m/z
720 (Figure 7A) from soybean. (As discussed below,
there is no distinction between the tandem spectra of
galactosylceramides and glucosylceramides.) The spec-
trum contains a prominent ion at m/z 304, representing
both a fatty acyl (c2a) and a LCB (e1b) ion. This is
supported by the product ion spectrum of the [M 1
Li]1 ions of d7-d18:2/h16:0-GlcCer at m/z 727 (Figure
7B), which gives analogous ions at m/z 306 (c2a) and 308
(e1b), with the mass shifts corresponding to the ion
configurations. Again, the presence of the ions at m/z
233 (c3a9) and 278 (d1a), reflecting the fatty acyl substitu-
ent, confirms that the fatty acid is a a-hydroxy palmi-
toyl. Whereas the d18:2-LCB is identified by the obser-
vation of the m/z 304 ion along with ions at m/z 494 (k),
332 (l), 314 (m1b and n1b), 296 (n2b), m/z 287 (d1b), 286
(e2b) 271 (d3b), and 256 (e3b). The location of the
additional double bond of the 18:2-LCB is identified by
the presence of the low abundant ions at m/z 536 (r1)
374 (r2), and 356 (r3) [22], which correspond to a Li
1
adduct ion of a dehydrated d6:1/h18:0-GalCer, a dehy-
drated d6:1/h18:0-Cer, and of a b2-type ion, respec-
tively (Scheme 5). The ions may arise from cleavage of
the C6–C7 bond of the 18:2-LCB of the dehydrated
d18:2/h16:0-GlcCer at m/z 702 to become a C6 base. This
mechanism is supported by source CAD tandem mass
spectrum of the m/z 536 ion, which yields ions at m/z 374
and 356 by loss of C6H10O5 and C6H12O6, respectively
(data not shown). The fragmentation pathways are also
consistent with the mass shifts of the analogous ions
observed in the product ion spectrum of d7-d18:2/h16:
0-GlcCer (Figure 7B).
Glucosylceramides
The ESI mass spectrum of the glucosylceramides iso-
lated from the spleen of an individual with Gaucher’s
disease contains major ions at m/z 706, 790, and 818,
Scheme 4.
Scheme 5.
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representing the [M 1 Li]1 ions of 1-glucosyl-N-palmi-
toyl-sphingosine (d18:1/16:0-GlcCer), 1-glucosyl-N-do-
cosanoyl-sphingosine (d18:1/22:0-GlcCer), and 1-glu-
cosyl-N-tetracosanoyl-sphingosine (d18:1/24:0-GlcCer),
respectively (Figure 8A). The spectrum also contains
ions at m/z 734, 762, 804, and 832, corresponding to the
glucosylceramides; with attachment of a 18:0, 20:0, 23:0,
and a 25:0 fatty acid substituent, respectively. The
Figure 8. (A) The ESI mass spectrum of a mixture of glucosyl ceramides from the spleen of a patient
with Gaucher’s disease. The tandem spectra of the same mixture obtained by CNL of 210 (B) and 418
(C) are nearly identical to (A), suggesting the major species of the mixture are 1-glucosyl-N-
acylsphingenines; panel (D) illustrates the product ion spectrum of the m/z 818 ion, corresponding to
a lithiated d18:1/24:0-GlcCer. The spectrum is identical to Figure 3A, arising from lithiated
d18:1/24:0-GalCer.
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above structures are revealed by the tandem mass
spectra of the mixture obtained by CNL scanning of 210
(panel B) and 418 (panel C). There is no distinction
between the tandem mass spectra of a ceramide glu-
coside and a ceramide galactoside isomers. This is
evidenced by the product ion spectrum of the lithiated
1 - glucosyl - N - tetracosanoyl - sphingosine (d18:1/24:0 -
GlcCer) at m/z 818 (Figure 8D), which is nearly identical
to that obtained from d18:1/24:0-GalCer (Figure 2A).
However, isomer differentiation between these two
classes can be achieved by source CAD tandem mass
spectra of the m/z 187 ions, corresponding to the lithi-
ated monosaccharide fragment ions of each class. As
shown in Figure 9, the source CAD tandem mass
spectrum of the m/z 187 ion (panel A) of d18:1/24:0-
GlcCer shows a nearly identical spectrum to that ob-
Figure 9. (A) The source CAD-MS2 spectrum of the m/z 187 arising from the [M 1 Li]1 ions of
d18:1/24:0-GlcCer. The spectrum is nearly identical to the product ion spectrum of the [M 1 Li]1 ions
of glucose standard at m/z 187 (B), but very distinguishable from the source CAD-MS2 spectrum of the
m/z 187 ion arising from d18:1/24:0-GalCer (C), which gives a nearly identical tandem mass spectrum
to that of the lithiated galactose standard (D). These results demonstrate the utility of source CAD-MS2
for isomer differentiation.
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tained from the [M 1 Li]1 ion of standard glucose at
m/z 187 (panel B). The source CAD product ion spec-
trum of the m/z 187 ion arising from d18:1/24:0-CerGal
(panel C) is also identical to the tandem mass spectrum
of the galactose standard (panel D), but different from
that of glucose (panels A and B). The apparent differ-
ence of the spectra of the two hexosides lies on the
relative intensities of the ions at 127, 97, and 91, result-
ing from ruptures of the pyranoside ring (Scheme 1),
which reflect the isomeric configurations.
Figure 10. The CAD tandem mass spectra of (A) d18:1/24:0-LacCer obtained at 65 eV, of (B)
d18:1/h24:0-LacCer at 65 eV, of (C) d18:1/h24:0-Gb3 at 70 eV, and of (D) d18:1/h24:0-Gb4 obtained at
75 eV. The optimal collision energy increases with the increase of sugar size of the molecules.
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Lactosyl Ceramides
When subjected to ESI, the lactosyl ceramides isolated
from porcine brain yield major [M 1 Li]1 ions at m/z
952, 968, 980, 994, and 996, representing 1-lactosyl-N-
docosanoyl-sphingosine (d18:1/22:0-LacCer), 1-lacto-
syl-N-a-hydroxydocosanoyl-sphingosine (d18:1/h22:
0-LacCer), 1-lactosyl-N-tetracosanoyl-sphingosine (d18:
1/24:0-LacCer), 1-lactosyl-N-a-hydroxytetracosenoyl-
sphingosine (d18:1/h24:1-LacCer), and 1-lactosyl-N-a-
hydroxytetracosanoyl-sphingosine (d18:1/h24:0-LacCer),
respectively (data not shown). The CAD tandem mass
spectrum of the [M 1 Li]1 ions of d18:1/24:0-LacCer at
m/z 980 is shown in Figure 10A. The cleavage of the
glycosidic bond yields ions at m/z 818 (Y1) and 656 (Y0),
representing a lithiated 1-glucosyl-N-tetracosanoyl-
sphingosine and a lithiated tetracosanoyl-ceramide ion,
respectively. The lithiated fragment ions at m/z 349 (C2)
and 331 (B2), reflecting the lactoside moiety, and at m/z
187 (C1) and 169 (B1), arising from galactoside or
glucoside are abundant (Scheme 6). The spectrum also
contains ions at 638 (a1 1 b1), 620 (b2) and 608 (a2),
resulting from the same fragmentation processes as
described for d18:1/24:0-GalCer (Scheme 1). The m/z
400 ion reflecting a 24:0 fatty acyl moiety is of low
abundance, along with m/z 374. Ions reflecting a d18:1-
LCB were also observed at m/z 289 (d1b), 271 (d2b), and
264 (e3b”). The [M 1 Li]
1 ions of d18:1/h24:0-LacCer
(Figure 10B) at m/z 996 also yield fragment ions similar
to that observed for d18:1/h24:0-GalCer (Figure 6B).
Ions characteristic to this subclass arises from N–CO
bond cleavage to yield m/z 630, which gives ions at
468 (g1) by loss of a hexose (same pathway as Scheme
3, route b).
Ceramide Trihexoside and Globoside
The tandem mass spectrum of the [M 1 Li]1 ion of
ceramide trihexoside is exemplified by the lithiated
1-Gal(a1–4)Gal(b1–4)Glc-N-tetracosanoyl-sphingosine
(d18:1/24:0-Gb3) at m/z 1142 (Figure 10C) which yields
a product ion spectrum similar to that of d18:1/24:0-
LacCer (Figure 10A). The major fragmentation path-
ways arise from charge-remote processes to cleave the
various glycosidic bonds to yield lesser glycosylated
cerebroside–Li1 fragment ions (Y and Z ions), and
various lithiated sugar ions (B and C ions) (Scheme 6).
The elimination of the entire sugar moiety results in the
formation of the lithiated ceramide ions at m/z 654 (Y0),
which undergo further dissociation via the pathways as
described in Schemes 1–4, to yield ions informative for
identification of fatty acyl moiety and LCB. These
fragmentation pathways are supported by the source
CAD tandem mass spectra of various Y series ions,
which showed spectra identical to that arising from the
corresponding lithiated cerebroside ions (data not
shown). For example, the source CAD tandem mass
spectrum of the Y2 ion at m/z 980 arising from d18:1/
24:0-Gb3 is identical to the product ion spectrum of the
lithiated d18:1/24:0-LacCer (Figure 10A). The product
ion spectrum of the lithiated 1-GalNAc(b1–3)Gal(a1–
4)Gal(b1–4)Glc-N-a-hydroxytetracosanoyl-sphingosine
(d18:1/h24:0-Gb4) at m/z 1361 (Figure 10D) contains
ions similar to that observed for d18:1/h24:0-LacCer
(Figure 10B). However, only ions at m/z 210 (B1) and
228 (C1) of the B and C series ions were observed. In
addition, ions at m/z 331 and 349, reflecting the galac-
tosyl–galactose or the galactosyl–glucose moiety are
Scheme 6. The fragmentation pathways of the [M 1 Li]1 ions of d18:1/h24:0-Gb4 under low energy
CAD. The scheme and designation of the ions are adopted from Costello et al. [9].
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abundant. It appears that, as the collision energy re-
quired to obtain an informative product ion spectrum
increases with the increasing size of the globosides, the
collision energy may become too high for the lithiated
polysaccharide fragment ions such as tetrahexose to
survive. This is consistent with the observation of low
abundances of the ions at m/z 493 and 511, reflecting the
lithiated trihexose ions, in the product ion spectrum of
d18:1/24:0-Gb3 (Figure 10C). The relative intensities of
these two ions also decrease as the collision energy
increases (data not shown).
Identification of Glycophospholipid Subclasses Via
Linked Scanning
Precursor ion scanning and constant neutral loss scan-
ning have been previously reported for identification of
phospholipid classes in biological extracts [18–20, 23,
24]. As described earlier, the CAD tandem mass spectra
of lithiated cerebrosides contain major fragment ions at
[M 1 Li 2 162]1 (Y0), a lithiated ceramide ion arising
from sugar loss, [M 1 Li 2 210]1 (a2) arising from
further losses of H2O and HCHO (Y0 2 18 2 30), and
at [M 1 Li 2 418]1 (c2a ion) deriving from further
losses of H2O and d18:1-LCB as a ketene (Y0 2 18 2
238) from the lithiated ceramide. Therefore, identifica-
tion of cerebroside species in the mixture can be
achieved by CNL scan of 162 or 210, and identification
of d18:1-LCB subclass can be achieved by CNL scan of
418. This is demonstrated by the tandem mass spectrum
(Figure 11) of a ceramide galactoside mixture isolated
from bovine brain by CNL scanning of 162 (panel B)
and 418 (panel C). The precursor ions observed by these
two CNL scans are similar to those observed in the ESI
mass spectrum (panel A), clearly demonstrating that
the mixture is a ceramide galactoside with d18:1-LCB as
the major species. Furthermore, the CNL spectra have
been simplified thus, facilitating the identification. As
observed in the product ion spectra, the ions arising
from CNL loss of 210 are the most prominent for
N-acylsphingenines subclass, but are less prominent for
N-a-hydroxyacylsphingenines under the same collision
energy. This is reflected by the tandem spectrum ob-
tained by CNL of 210 (panel D), which shows promi-
nent ions at 734, 790, 816, and 818, representing d18:1/
18:0-GalCer, d18:1/22:0-GalCer, d18:1/24:1-GalCer,
and d18:1/24:0-GalCer, respectively. In contrast, ions at
m/z 750, 832, and 834, representing d18:1/h18:0-GalCer,
d18:1/h24:1-GalCer, and d18:1/h24:0-GalCer, respec-
tively, are of low relative abundance, and thus, the
glycosyl N-acylsphingenine cerebroside species can be
easily identified in mixtures. As shown in Scheme 3
(route c1), loss of sugar moiety (2162 Da), followed by
cleavage of the carbonyl-a-carbon C–C bond of the fatty
acid to yield a lithiated aldehyde ion (c3a9 ion) (loss of
327), is a unique fragmentation pathway for the cere-
brosides with N-a-hydroxyacylsphingenine. This fea-
ture is demonstrated by the CNL scan of 489 (5162 1
327) of the same mixture (panel E), which yields a
tandem mass spectrum containing major precursor ions
of m/z 750, 832, and 834, representing a d18:1/h18:0-
GalCer, d18:1/h24:1-GalCer and a d18:1/h24:0-GalCer,
respectively. The spectrum also contains ions of m/z 806,
820, and 860, corresponding to a d18:1/h22:0-GalCer,
d18:1/h23:0-GalCer, and a d18:1/h26:1-GalCer, respec-
tively. The identification of this subclass can also be
performed by the precursor ion scan of m/z 306 (panel F)
or 468 (data not shown), which yields a similar spec-
trum, but the relative intensity of the m/z 750 ion has
been enhanced. This is consistent with the fact that the
m/z 306 ion observed for the lithiated d18:1/h18:0-
GalCer at m/z 750 reflects both a fatty acyl (as a lithiated
2-hydroxystearamide) and a LCB ions, as described
earlier. Therefore, ion intensity of m/z 750 in the precur-
sor ion spectrum cannot reflect its relative amount in
the mixture. Tandem mass spectrum obtained by CNL
scan of 420 for the same mixture reveals the sphinga-
nine subclass species at m/z 736, 752, 792, 818, and 820
(panel G), representing a d18:0/18:0-GalCer, d18:0/h18:
0-GalCer, d18:0/22:0-GalCer, d18:0/24:1-GalCer, and a
d18:0/22:0-GalCer, respectively. This is confirmed by
the product ion spectra of the individual molecular
species, as exemplified by the product ion spectrum of
the m/z 792 ion, corresponding to d18:0/22:0-GalCer
(Figure 12, panel A). The spectrum contains prominent
ions at m/z 630 and 612, corresponding to a lithiated
ceramide (Y0), and a lithiated [Y0 2 H2O] ion, respec-
tively. In contrast, ions at m/z 582 ([Y0 2 H2O 2
HCHO]1 (a2 ion) arising from further loss of HCHO
from m/z 612 becomes less dominant (as compared to
d18:1-LCB subclass). This may be attributed to the fact
that the resulting ion of m/z 582 is less conjugated than
the analogous ions arising from the cerebrosides with
d18:1-LCB, which possess an additional double bond to
constitute a conjugated amide ion, which is more stable.
The spectrum also contains ions at m/z 291 (d1b),
266 (e3b”), 273 (d2b), and 247 (c1b), which are 2 Da
higher than the analogous ions observed for d18:1-LCB
and subclass (xb series ions, x 5 c, d, e, Schemes 2 and
3).
The m/z 818 ion is a major ion species in both the
tandem mass spectra obtained by CNL of 418 (panel C)
and 420 (panel G). This result indicates that the m/z 818
ion may represent both a d18:0- and a d18:1-containing
galactosyl cerebroside. Indeed, the product ion spec-
trum of the m/z 818 ion (panel B), clearly demonstrates
the m/z 264/400 LCB/FA ion pair, reflecting the d18:1/
24:0-GalCer isomer, and ions at m/z 291 (d1b) and
398 (c2a), reflecting a d18:0-LCB, and a 24:1 fatty acid,
respectively, arising from d18:0/24:1-GalCer. The struc-
tural assignment is further confirmed by the ions at m/z
418 (c1a), 374 (d1a), and 356 (d2a), reflecting a 24:0 fatty
acyl, and ions at m/z 416 (c1a), 372 (d1a), and 354 (d2a),
reflecting a 24:1 fatty acyl. As compared to the product
ion spectra of the lithiated d18:1/24:0-GalCer (Figure
3A) and d18:1/24:1-GalCer (Figure 3D) standards, the
identities of the 24:0 and 24:1 fatty acid moieties can be
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Figure 11. (A) The ESI mass spectrum of a bovine brain galactosyl ceramide mixture. (B) The tandem
spectra of the same mixture obtained by CNL of 162 (B), CNL of 418 (C), CNL of 210 (D), CNL of 489
(E), precursor ion scan of 306 (F), and CNL of 420 (G). Panel B identifies cerebroside species, panel C
identifies species with 18:1-LCB, panel D identifies 1-galactosyl-N-acylsphingenines, panels E and F
identify 1-galactosyl-N-a-hydroxyacyl sphingenines and panel G identifies species with 18:0-LCB.
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easily established. Whereas the 18:1-LCB can be con-
firmed by the presence of, for examples, the ions at m/z
288 (e2b), 264 (e3b”), and 245 (c1b); and the ions at m/z
290 (e2b), 266 (e3b”), and 247 (c1b), which showed a 2 Da
mass higher that affirm the 18:0-LCB.
Conclusions
Low-energy CAD tandem mass spectrometry of glyco-
sphigolipids as lithiated adducts with electrospray ion-
ization represents another powerful approach to the
determination of structural details. Identification of
complex mixtures of closely related species can be
easily achieved by the features readily available for
tandem mass spectrometry such as constant neutral loss
and precursor ion scannings. The application of these
techniques in the profiling specific subclass of lactosyl
ceramides, trihexosyl ceramides, or globosides in mix-
tures is also possible.
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